Background and aims Selection for deep roots to improve drought tolerance of maize (Zea mays L.) requires presence of genetic variation and suitable screening methods. Methods We examined a diverse set of 33 tropical maize inbred lines that were grown in growth columns in the greenhouse up to the 2-, 4-, and 6-leaf stage and in the field in Mexico. To determine length of roots from different depths at high throughput, we tested an approach based on staining roots with methylene blue and measuring the amount of absorbed dye as proxy measure for root length. Results Staining provided no advantage over root weights that are much easier to measure and therefore preferable. We found significant genotypic variation for all traits at the 6-leaf stage. For development rates between the 2-leaf and the 6-leaf stage, genotypes only differed for rooting depth and the number of crown roots. Positive correlations of leaf area with root length and rooting depth indicated a common effect of plant vigor. However, leaf area in growth columns was negatively related to grain yield under drought (r=−0.50). Conclusion The selection for deeper roots by an increase in plant vigor likely results in a poorer performance under drought conditions. The proportion of deep roots was independent of other traits but showed a low heritability and was not correlated to field performance. An improved screening protocol is proposed to increase throughput and heritability for this trait.
Introduction
Desiccation avoidance is one possible strategy of plants to cope with drought and is mainly associated with minimization of water loss and/or the maximization of water uptake (Ludlow and Muchow 1990) . The amount of accessible soil water is strongly determined by the plant's root morphology and architecture. Deeper soil layers are seen as a potent source of crop water in many semi-arid zones (Van Staveren and Stoop 1985) . The formation of a deep root system would give access to this water sources, allowing the plant to avoid desiccation during drought events (Ludlow and Muchow 1990) . In wheat, Kirkegaard et al. (2007) obtained a surplus of 0.62 t/ha grain yield from an additionalmaize, simulation studies (Hammer et al. 2009) highlighted the importance of a deep root system for increased water and nutrient acquisition as well as yield formation. Co-localization of quantitative trait loci (QTL) for root parameters (e.g. crown root angle, axile root growth rate) with traits related to yield in maize and sorghum (Trachsel et al. 2009; Hund et al. 2011; Mace et al. 2012) further emphasized the importance of root morphology and architecture for water acquisition.
Since the formation of root meristems requires considerable amounts of carbon ), resource (i.e. water) rich soil regions need to be explored at the expense of less resource rich regions (Hodge 2009 ). Root systems with fewer lateral roots in the topsoil but deep-reaching axile roots are more efficient in extracting water from deeper soil strata (Hund et al. 2009a ). In accordance, Bolanos et al. (1993) reported a 33 % reduction in root biomass in the upper soil after eight cycles of recurrent selection under drought conditions, although rooting depth in general did not increase. The relative distribution of roots within the soil profile therefore seems to play an important role, with the most densely rooted soil layer affecting drought tolerance more than total rooting depth (Yu et al. 2007) .
Root parameters are traits that are typically difficult to phenotype (Hund et al. 2011) . A way to deal with this problem in the field is to describe the root system by a "shovelomics" approach that is based on few traits (e.g. crown root number and angle) that can be easily determined at the stem base (Trachsel et al. 2011 ), or to use other measures like root pulling force (Lebreton et al. 1995) , root capacitance (Beem et al. 1998) or soil coring (Watt et al. 2013) . On the other extreme, plants can be grown completely out of soil, e.g. in hydroponics (Tuberosa et al. 2002) , growth pouches (Bonser et al. 1996; Hund et al. 2009b) or in paper rolls (Zhu et al. 2005; Kumar et al. 2012) , facilitating the complete and non-destructive assessment of the root system up to a limited growth stage. However, both types of systems do not allow to assess the distribution of the root system within its natural environment (i.e. field soil), or only give proxy measures for the same (e.g. root angles measured in shovelomics are indicative for rooting depth (Trachsel et al. 2011)) . Using pots or growth columns filled with a soil substrate is a compromise. Compared to out-of-soil systems, the measurement throughput is reduced but plants can be grown to later growth stages to avoid seed effects observed for evaluations at early stages (Pommel and Bouchard 1990) .
Compared to field grown plants, the complete root system may be assessed in growth columns, although the root environment may be different than in a field soil.
The two most commonly used methods to assess the vertical distribution of root length within the soil are root washing and minirhizotron imaging (Pierret et al. 2005) . In case of washing, roots are usually collected from different depth increments to obtain the vertical distribution of their lengths. To test for treatment differences, the simplest approach is to compare among samples taken from the same depth segment, leading to as many comparisons as there are soil sections. To summarize such data, some authors chose arbitrary thresholds to quantify the roots below a certain depth (Yadav et al. 1997; Kato et al. 2006; Araki et al. 2000) . Other approaches are based on linear or non-linear models approximating the vertical root distribution (Hao et al. 2005) , of which the parameters could be used to summarize treatment effects. However, we are not aware that this approach has been taken for routine comparison among genotypes. The reason for this may lie in the difficulty to fit parsimonious models with meaningful parameters to a population of differently shaped distributions. An elegant approach to summarize data from soil profiles was used by Schenk and Jackson (2002) who fitted a non-linear smoothing function to each profile and reported the depth at which either 50 % (D 50 ) or 95 % (D 95 ) of the roots were located by means of interpolations. Hund et al. (2009a) adapted this approach but noted that D 50 and D 95 were strongly correlated. The authors proposed to use a new deep root ratio (DR) which measures the proportion of roots located in the lower part of the root system, i.e. those located below half the depth given by D 95 . Based on these parameters, genotypes were identified that differed with regard rooting depth (D 95 ), root distribution (DR) or both.
Determining the length of excavated roots is a limiting step in a growth column system. Determining root dry weight is fast, but due to the varying diameter of different root types, it only gives an approximate measure for root length. For example, Hund et al. (2004) showed that lateral roots of different genotypes contributed differently to overall root size. Analysis of digital root images (produced by photography or scanning) by appropriate software is fast and precise, but displaying roots for image acquisition is a tedious work, still limiting throughput of this method. Sattelmacher et al. (1983) proposed a rapid method to measure root surface by staining roots with a dye, resolving the absorbed dye into a solution, and measuring the optical absorption of this solution as proxy for root surface area and length. Adoption of such a staining method might help to determine root length with reasonable precision and speed and, therefore, improve the efficiency of a growth column system for root distributional phenotyping.
Genotypic variation for rooting depth and its association to water uptake in maize has been shown in different studies (Lorens et al. 1987; Wan et al. 2000; Hund et al. 2009a; Manavalan et al. 2011) . However, most of these studies were based only on few genotypes or did not examine root distribution in the soil profile. The objectives of this study were to i) compare different methodologies to determine the vertical distribution of root length of maize plants grown in growth columns, ii) assess the genetic diversity for root morphology and vertical distribution in a diverse panel of 33 tropical maize inbred lines from the heterotrophic (2-leaf) until early autotrophic (6-leaf) growth stage, and iii) examine allometric relationships among root-and shoot parameters determined in the growth columns and their relationship with grain yield measured under drought in the field.
Material and methods

Genetic material
Our study is based on 33 diverse tropical maize inbred lines (Table 1) . These were selected by INRA Montpellier from the maize inbred line reference set of the Generation Challenge Program, based on genetic maker information to build a most representative subset.
Experimental setup and growing conditions
During the 2008 summer season (May-July), the 33 inbred lines were grown in the greenhouse up to three different development stages, i.e., full development of the second leaf (2-leaf), fourth leaf (4-leaf), and sixth leaf (6-leaf). We applied a split-plot design with harvest time (3 levels) as main-plot treatment. Within each main-plot, inbred lines (33 levels) were assigned to sub-plots that were arranged in incomplete blocks according to a 7-by-5 alpha-design (Patterson and Williams 1976) . Each sub-plot consisted of one plant grown in a growth column consisting of a PVC tube filled with soil substrate (see detailed description below). Each main-plot consisted of a greenhouse cart loaded with 35 growth columns (33 genotypes + 2 unplanted control growth columns). The experiment was conducted with three replications that were performed consecutively over time. Within one replication, plants were sown at the same time into the 3×33 growth columns (sub-plots) and the main plots were destructively harvested when the plants in average reached the designated growth stage.
The growth columns had a diameter of 10.5 cm and a height of 40, 60, and 80 cm for plants to be harvested at the 2-leaf, 4-leaf, and 6-leaf stage, respectively. The stage-dependent height of the columns has been chosen based on earlier experiments to avoid that more than 2 % of the roots reached the lowest section. This had two reasons: i) to avoid a non-normal distribution of the roots due to an accumulation or roots at the bottom of the column and ii) to avoid a possible feedback signal of these roots causing an overall change of the root distribution. The soil substrate consisted of a 3.5:1 w/w mixture of quartz sand (0.08-0.20 mm particle diameter) and a porous baked clay granulate of 0.5-4.0 mm particle diameter (SERAMIS, Mars Inc., McLean, VA, USA). The baked clay was added to increase the water Seeds were surface-sterilized in a 2.5 % NaOCl solution and pre-germinated for 3 days at 27°C on moistened blotting paper. Two germinated seeds were placed in each growth column at a depth of 2.5 cm and thinned to one plant per growth column 4 to 5 days after germination. The growth columns were covered with an aluminum foil punched at the seedling position and watered twice a week with a 0.23 % (v/v) Wuxal nutrient solution to maintain the maximum water holding capacity. To determine the amount of nutrient solution required, the evapotranspiration since the last watering was determined by weighing three randomly chosen growth columns per main-plot.
Shoot and root measurements at harvest
Plants were harvested 10-11, 18, and 26-28 days after sowing for the 2-leaf, 4-leaf, and 6-leaf stage, respectively. At harvest, the shoots were cut at surface level and the growth columns were immediately transferred to a cooling chamber at 4°C to minimize respiration during storage (3-5 days) until further processing. Leaf area of the harvested shoots (A Lf ) was measured with a leaf area meter (LI-3000A, LI-COR Inc, Lincoln, NE, USA).
To determine root traits, the growth columns were opened longitudinally (two half pipes) and subdivided into eight different depth segments that were 5, 7.5, and 10 cm long for the 2-leaf, 4-leaf, and 6-leaf stage, respectively. Roots were extracted from the soil substrate for each depth segment by rinsing under running tap water. At the base of the stem, the total number of crown roots (N Cr ) was counted. The gravimetric setpoint angle (Ang Cr ) and diameter (D Cr ) of crown roots were measured on plants harvested at the 4-leaf and 6-leaf stage for each node number separately. Ang Cr was measured using a triangle ruler whereby vertical growth at emergence was recorded as 0°, horizontal growth as 90°. D Cr was measured 2 cm apical to the root emerging point using a digital caliber. Washed root samples of single depth segments were stored in plastic bags at 4°C for further processing.
Determination of root length
Total root length was determined according to the methylene-blue adsorption method described by Sattelmacher et al. (1983) . For this purpose, root samples of each depth segment were rinsed with distilled water and stained for 60 s in a methylene blue solution (74.7 mg/l), followed by rinsing off the surplus solution with distilled water. After staining, the root samples were transferred to a 0.1 M CaCl 2 solution for 60 s to exchange the methylene blue absorbed by the roots. The amount of CaCl 2 solution was individually adjusted to the size of the root sample and ranged from 5 ml for smallest to 75 ml for largest root samples. Two aliquots (200 μl) of each sample of the CaCl 2 solutions containing the resolved methylene blue were transferred to 96-well plates, and extinctions were measured at 650 nm with a photometer (ELISA Reader MR 5000, Dynatech, Burlington, VT, USA). All extinctions were measured relatively to a 0.1 M CaCl 2 blank. Since the amount of CaCl 2 solution used for resolving methylene blue from the roots varied from sample to sample, the obtained relative extinctions were all standardized to a 50 ml CaCl 2 solution (Ext).
To translate the measured Ext values into real root length, all root samples from six selected inbred lines were scanned and analyzed for root length using an image processing software (details see below). For this purpose, root samples were collected after applying the staining approach, spread in a plastic tray filled with water and scanned with a scanner equipped with top light (Epson, Expression 1640 XL, Epson America, Inc., USA) at 600 dpi and 8 bit color resolution. To enhance the contrast between roots and background, the following procedures were applied to all images using Photoshop 7.0 (Adobe Systems Inc., San Jose, CA, USA); application of a median filter with a radius of 2 pixels to remove image noise and application of a tonal threshold value of 220 to reduce the 8 bit grayscale images to 1 bit monochrome images. All images were subsequently analyzed with WinRHIZO (Version 2003b, Regent Instruments, Montreal, QC, Canada) to measure root length. The debris removal filter was set to remove objects with an area smaller than 0.005 cm 2 and a length/width ratio lower than 5. (Fig. 1) . Equation [1] was then used to predict L Rt in the complete experiment using the following final calibration model:
Calculation of root distribution parameters Distribution curves of standardized cumulative length of the roots (SCL Rt ) were produced for each plot (example given in Fig. 2) , with SCL Rt in a certain depth segment being calculated as:
where SCL Rt,i is the standardized cumulative root length in depth segment i (with i=1 being the uppermost and i=8 being the deepest segment) and L Rt,k is the root length in segment k determined following Eq.
[3]. Between each two adjacent points, the SCL Rt curves were interpolated by linear regression (Fig. 2 ). The soil depth above which 95 % of the total root system in terms of root length is located (D 95 ) was then determined as an indicator of rooting depth as illustrated in Fig. 2 . The proportion of deep roots to total roots (DR) was determined using two types of threshold to separate between deep and shallow roots: a flexible threshold relative to rooting depth determined as half the measured D 95 (DR) and a fix threshold determined as half the column length (DR fix ).
Field data A subset of 22 inbred lines (Table 1) For the experiments, two different treatments were applied: full irrigation (well watered) and withholding irrigation 2 weeks before flowering (drought stress). During flowering, dates of anthesis and silking were recorded as time when 50 % of plants within a plot were shedding pollen or growing silks, respectively. The anthesis silking interval (ASI) was calculated as the difference in days between silking and anthesis. Grain yield per unit area (GY) was calculated as the product of the planting density with the average yield per plant in a plot. Leaf chlorophyll content (SPAD), measured by a SPAD-502 instrument (Konica Minolta Sensing, Inc., Sakai, Osaka, Japan), was determined 2 weeks after flowering. Leaf rolling was determined under drought stressed conditions 1 week after flowering. Genotypic means for each trait were calculated separately for the two treatments.
Statistical analysis
All traits determined in the greenhouse were analyzed within a mixed model framework. Traits related to root distribution and the shoot (L Rt , D 95 , DR, N Cr and A Lf ) were analyzed using the following model
where μ denotes the overall mean, g i is the effect of the i th genotype, t j (covariate) is the number of days until harvest, (gt) ij is the interaction between the i th genotype and the days until harvest, r n is the n th replication, C nj defines the whole plot, B njk defines the incomplete blocks and ε ijnk is the residual error. All effects except the random terms C nj , B njk , and ε ijnk were treated as fixed. To estimate genotypic variance at 6-leaf stage, the following reduced model of Eq. [5]
was employed only on data from the 6-leaf stage, taking all effects except r n as random. Heritability (h ε being the genotypic and residual variance, respectively, and R=3 being the number of replications.
Development of crown root traits (D Cr and Ang Cr ), which were only measured at the 4-leaf and 6-leaf stage, was analyzed as a function of the node number using the following equation where a j (covariate) is the node number and (ga) ij is the interaction between the i th genotype and node number. All effects except the random terms B nk and ε ijnk were treated as fixed. Due to observation on the same experimental unit (plant in growth column), residuals of the different nodes were modeled to be correlated following an autoregressive (AR1) correlation model. Residuals in Eqs. [5] [6] [7] were inspected for normality and homoscedasticity and, if necessary, variables were subjected to suitable transformations (ln). Genotypic means for intercepts at 6-leaf stage (i.e. genotypic performance at 6-leaf stage) and development rates were predicted for each trait from the estimated effects.
Correlations
As a further parameter, the leaf area-rooting depth relation (A Lf -D 95 ) was calculated by regressing genotypic means of A Lf on D 95 (Fig. 3) and taking the vertical distance of each genotypic observation to the geometric-mean-regression line (regression residuals). Thus, genotypes with positive A Lf -D 95 show large leaf area in relation to their rooting depth and vice versa. Phenotypic correlation coefficients (r p ) among traits were calculated as Pearsons's correlations coefficients of genotypic means, being based on 33 (among traits measured in growth columns) or the 22 overlapping genotypic means (between field and growth column traits). All calculations were performed within the Renvironment (R Core Development Team 2009), using the package ASReml (Gilmour et al. 2006 ) for mixed modeling.
Results
Means and variation
The analysis of development of root distributional (see ESM Fig. 1 for the root distribution profiles) and shoot traits with time required a logarithmic transformation for L Rt and A Lf , indicating that these two traits follow an exponential growth pattern. Positive mean and range of genotype specific development rates for all traits indicated that root system size, depth of the majority of root as indicated by D 95 and leaf area increased with time ( Table 2 ). Analysis of variance revealed a highly significant (P<0.001) effect of genotype for all traits, meaning that inbred lines showed different intercepts in their development curves (i.e., differed in their performance at a given time). Further, the highly significant (P<0.001) effect of time showed that all traits changed significantly with time. However, genotypic differences in the development rate (i.e. genotype-by-time interactions) were only significant for D 95 (P <0.01) and N Cr (P < 0.001) (see ESM Among crown root traits, the logarithmic transformation required for D Cr indicated an exponential increase with ascending node number ( Table 3 ). The range of genotype specific development rates for Ang Cr (−8.83-1.36°) indicated that crown roots of most genotypes grew steeper with increasing node number. Contrary, D Cr of all genotypes increased with ascending node number by 1.4 mm per node on average. The analysis of variance for the development of D Cr and Ang Cr with node number also indicated highly significant (P<0.001) effects of genotype and node number, meaning that genotypes differed for their intercept and that both traits changed with ascending node number. Significant genotypic differences in the development with node number (i.e. genotype-by-node interactions) were observed for D Cr (see ESM Fig. 2c for example), but not for Ang Cr . Means and ranking of all genotypes can be seen in ESM Table 1 for root distributional and shoot traits and in ESM Table 2 for crown root traits.
Correlations among traits
Based on values measured at the 6-leaf stage, L Rt , D 95 and DR fix were positively correlated, but none of these traits showed an association with DR (Table 4, (Fig. 3) can be used to identify inbred lines having a more or less deep reaching root system relative to shoot size, whereby inbred lines (D 95 ) components, but with no other trait determined in the greenhouse. Between the two traits that showed significant genotypic differences in the development rate between the 2-and 6-leaf stage (N Cr , D 95 ), the correlation based on development rate was not significant (Table 4 , lower triangular part).
Phenotypic correlation coefficients between greenhouse and field performance were low, not exceeding 0.50 (Table 5 ). Based on observations at the 6-leaf stage, GY under drought tended to be negatively correlated with most growth column parameters, (significant for ln(L Rt ) and ln(A Lf )). Furthermore, high A Lf -D 95 (i.e. large leaf area in relation to rooting depth) showed a negative association with SPAD under drought. Genotypes progressing faster in their number of crown roots (N Cr ) showed a negative association with yield under drought.
Discussion
Measuring rooting depth
As roots were harvested per column section, the rooting depth could only be given with the precision of the section limits e.g. in 10 cm intervals for the 80-cm columns. To gain precision, we decided to use the D 95 method described by Schenk and Jackson (2002) to estimate rooting depth and used linear interpolation between the depth segments to determine D 95 . Generally, no or only few roots were found in the lowest depth segment, and the precondition for a correct calculation of D 95 , i.e. less than 5 % roots in the lowest depth segment (see genotypic means of actual values at the 6-leaf stage in ESM Table 1 ), was only harmed in one Table 4 Correlations (n=33) among root and shoot parameters based on values measured at the 6-leaf stage (upper triangle) and based on the development rates between 2-and 6-leaf stage (lower triangle, only given between traits which showed significant genotypic differences in development rate). Traits are total root length (L Rt ), rooting depth (D 95 plot. Linear interpolaton proved to be more robust to summarize the results of differently shaped curves (compare ESM Figure 1 ) of the vertical distributions as compart to smoothing splines used by Hund et al. (2009a) . It may be criticised that D 95 is not an appropriate measure to characterize genotypes with regard to their potential for water extraction from deep soil strata. For example, one single, deep root making in total less than 95 % of the root system may be enough to tab water. Accordingly, its contribution to rooting depth would not be adequately represented by D 95 . However, maize has a fibrous root system with many axile roots simultaneously growing into the soil profile. Therefore, we assume that D 95 and the absolute depth reached by the deepest root should be closely correlated.
Suitable methods to measure root length
The staining method with methylene blue as described by Sattelmacher et al. (1983) was suitable to determine root length in our study. Compared to the scanning approach, time requirements (from the washed roots until availability of a data point for root length) were slightly higher for small root samples derived from plants at the 2-leaf stage, but reduced up to 50 % for larger root samples derived at the 4-and 6-leaf stage (data not shown). However, being able to predict L Rt with a similar precision by just taking DW Rt (Fig. 1b) does not justify the additional time required for staining. Roots vary in their diameter (e.g. thick axile vs. thin lateral roots) and therefore also for their surface area-toweight ratio. Absorption of methylene blue is directly linked to the root surface (and length) and would be expected to be a better predictor for root length than root dry weight. Different nuisance factors may cause small errors accumulating during the complex procedure (i.e. staining, exchange of absorbed methylene blue, extinction measurements). To improve the prediction of L Rt based on the absorption of the dye, we included controllable factors (e.g. volume of CaCl 2 solution used to resolve adsorbed dye) into Eq. [1] to account for their effects. However, non-controllable nuisance factors seemed to outweigh the staining method's benefit of being directly linked to root surface area. Hence, if only a proxy measure of root length is required (e.g. when screening large populations), simple weighing of roots should be preferred over staining. If more detailed aspects of the root system are to be examined, scanning of roots followed by image processing should be preferred because roots of different diameter classes can be distinguished.
Strong genotypic control of root traits related to plant vigor
We found significant genotypic variation for all root traits at the 6-leaf stage and, in some cases, also for their development with time (D 95 , N Cr ), or with node number (D Cr ), although the number of replications (three) per inbred line was comparably low. The final architecture of a root system in the soil is a function of its dynamic interaction with chemical, biological and physical factors (Lynch 1995) . Taking into account the very heterogeneous and dynamic soil environments under field conditions, large genotype-by-environment interactions can be expected and heritability of a "deep rooting" trait would be rather low (Richards et al. 2000) . Interestingly, estimates of heritability determined at the 6-leaf stage for root length (i.e., L Rt ) and depth of the majority of roots (i.e., D 95 ) were as high as for leaf area. These high values may be partly explained by the relatively stable and homogeneous soil environment by using the sand/baked clay substrate filled growth columns. The development of roots occurs in synchrony with shoot growth (Wang et al. 2006) , which was reflected by the positive linear relations of A Lf with D 95 (Fig. 3a, b as an estimate for r g , this would result in a RE of 0.55. This means that indirect selection via leaf area would be half as efficient as direct selection for D 95 . As shoot traits are much easier to assess than rooting depth, the selection intensity and heritability could be more easily be increased for leaf area (i.e. A Lf ) compared root traits (i.e. D 95 ). Additionally, r g is usually larger than r p , wherefore RE of indirect selection for D 95 can be expected to be higher than calculated in our example. According to these considerations, direct screening and selection for deep reaching roots in the growth column system at an early growth stage would not be worthwhile because rooting depth could be selected by direct selection for vigorous shoots. Furthermore, selecting for increased rooting depth by increasing overall vigor may have negative effects for environments with a great risk of terminal drought. According to Ribaut et al. (2009) , a typical maize ideotype for such environments has a smaller canopy to allow better light penetration and deeper roots with less lateral branching. Direct selection for such an ideotype may be possible under managed drought and nitrogen stress conditions practiced by CIMMYT (Bänziger et al. 2006 ).
Relative root distribution has low heritability DR describes the relative vertical distribution of roots within the soil profile and is less dependent on plant vigor, as indicated by the lack of significant correlations with A Lf , D 95 and L Rt . Compared to DR fix that showed a strong correlation with D 95 , DR has the advantage that it is not arbitrary as compared to the situation where a deep root ratio is calculated based on a fix, absolute depth threshold to separate between deep and shallow roots. For example in rice, depth thresholds from 30 cm (Yadav et al. 1997; Kato et al. 2006) up to 100 cm (Araki et al. 2000) have been used in field and growth column studies. Such fix thresholds may still be misleading as can be seen for DR fix : More vigorous plants are able to place more roots below a certain depth, resulting in larger deep root ratios, independent of their relative root depth distribution. This artifact could be avoided in our study by defining DR in relation to rooting depth where D 95 serves as a measure of rooting depth while DR measures the relative distribution.
Although DR showed to be independent of general plant vigor, it was accompanied by a low genetic variation and, consequently, lower heritability estimates at the 6-leaf stage and non-significant genotypic differences in development rates between 2-and 6-leaf stage. Higher heritabilities and more precise genotypic means could be obtained by increasing the number of replications compared to our study. However, this would be accompanied by a largely increased labor demand. The lower genetic control of DR indicates that it will be difficult to change the relative vertical distribution of the root system, i.e. to place relatively more roots at depth without increasing the overall rooting depth.
Influence of allometric root-shoot relationships
We found that genotypes with larger shoots have deeper roots. This is corroborated by Trachsel et al. (2013) reporting a positive correlation between D 95 and a vigor proxy measure composed of plant height and SPAD (R 2 =0.3) for field-grown maize under low nitrogen. To avoid the "large plants have deeper roots" problem, we used A Lf -D 95 to characterize genotypes based on their vertical deviation from the regression line in Fig. 3 . Using this deviation seems to be useful for comparing genotypes across environments: Based on four overlapping genotypes (CML444, SC-Malawi, CMLP1 and CMLP2), we found no correlation of our D 95 values with those measured by Hund et al. (2009a) (r=−0.56; data not shown), but a significant positive correlation between the two studies could be observed for the ratio between A Lf and D 95 (r=0.96*; data not shown). However, four genotypes are a small sample and more research is needed to verify if size-dependent rooting depth is a promising trait for selection. It is still not common standard in root research to report basic shoot characteristics and adjust for differences in overall vigor. Doing so would greatly enhance our understanding how root-shoot relationships explain genotype-by-environment interactions. The positive correlation (R 2 =0.24) between rooting depth and vigor (measured as above-ground plant volume) was also reported in a meta-analysis of grasses by Schenk and Jackson (2002) .
The question, who wins where and when, may depend on the rooting behavior, water regime and timing. Vigorous genotypes with prolific root growth may benefit from rapid nutrient uptake under well-watered conditions, but might already have extracted available soil water before entering the critical flowering period (Campos et al. 2004) . By contrast, genotypes with smaller shoots and relatively deep roots may benefit from water uptake under drought conditions but may be too conservative to profit in wet years. In addition, environmental factors such as nitrogen content and soil strength have an effect on the shoot-root relationships. For example, the correlation between plant height and D 95 was larger under low compared to high nitrogen conditions (Trachsel et al. 2013) in maize. Furthermore, Acuña and Wade (2013) found a negative relationship between root depth and shoot dry matter on a Calcic Lixisol with a hardpan restricting root growth of wheat varieties.
Can we predict drought behavior by early screening?
A positive association of deep roots with crop performance and drought tolerance has been shown (Passioura 1983; Manschadi et al. 2006; Kirkegaard et al. 2007 ), but the behavior and performance of different genotypes under drought is influenced by many other factors like shoot architecture, water use efficiency (Passioura 1983) , and soil characteristics (Acuña and Wade 2013) . The correlations between traits determined in growth columns and in the field in our study have to be interpreted with caution due to the limited extend of the field data (only one season). Field experiments would have to be repeated in different locations/years to make profound statements. In tendency, our low correlations observed (Table 5) indicate limited predictive ability of the growth columns for final plant performance. This seems to be in line with the generally capped correlations between early growth and final plant performance in inbred lines (Mock and McNeill 1979; Strigens et al. 2012) and observations by Watt et al. (2013) , who found no correlation between early (5-leaves) and late (flowering) growth stages for the deep rooting trait per se in wheat. Further, a bias of the growth column system, in which roots can be forced to become deep by growing along the growth column wall-substrate interface (Araki et al. 2000) , may contribute to the low predictive ability for field performance. Although crown root traits (N Cr , D Cr , Ang Cr ) are less affected by the column growth system, they did not show significant correlations with field performance. Thus, also due to the limited validity of the field data, we were not able to confirm or deny the hypothesis that steep roots are more favorable, granting fast progress of the root system to deeper soil strata (Hammer et al. 2009; Lynch 2013; Trachsel et al. 2013 ).
Conclusion and outlook
In this experiment, we evaluated root lengths at different, equally spaced column depths. Based on our results, we suggest simplifying this approach in order to gain throughput and, thus, increase the heritability. An increase in replications is necessary, especially for traits like DR, the shoot-to-root ratio and development rates, which have comparably low heritability. Ideally, experiments should cover the range of soil-types, water regimes and fertilization levels representing the target population of environments. As our root distribution data are summarized as three components, i.e. total root lengths, maximum rooting depth and vertical root distribution, we propose measuring these components directly. Maximum rooting depth in soil columns can be measured by removing soil from the bottom upwards until the first root appears. Next, the remaining column can be divided into an upper and lower half and the root of each half can be weighed to determine the total root weight and DR. Eventually, angles of crown may be measured to get information of the potential shallowness of the root system. Finally, basic shoot characteristics need to be measured to determine the stage and environment-specific relationship between root and shoot characteristics.
